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Abstract: The Formyl Peptide Receptor 2 (FPR2) is a novel promising target for the treatment of
influenza. During viral infection, FPR2 is activated by annexinA1, which is present in the envelope
of influenza viruses; this activation promotes virus replication. Here, we investigated whether
blockage of FPR2 would affect the genome trafficking of influenza virus. We found that, upon
infection and cell treatment with the specific FPR2 antagonist WRW4 or the anti-FPR2 monoclonal
antibody, FN-1D6-AI, influenza viruses were blocked into endosomes. This effect was independent
on the strain and was observed for H1N1 and H3N2 viruses. In addition, blocking FPR2signaling in
alveolar lung A549 epithelial cells with the monoclonal anti-FPR2 antibody significantly inhibited
virus replication. Altogether, these results show that FPR2signaling interferes with the endosomal
trafficking of influenza viruses and provides, for the first time, the proof of concept that monoclonal
antibodies directed against FPR2 inhibit virus replication. Antibodies-based therapeutics have
emerged as attractive reagents in infectious diseases. Thus, this study suggests that the use of
anti-FPR2 antibodies against influenza hold great promise for the future.
Keywords: influenza; FPR2; Annexin A1
1. Introduction
Influenza is an emerging and reemerging disease which is of particular concern to public health.
Influenza outbreaks are usually associated with mild symptoms, such as cough, fever, headache,
sore throat, sneezing and nausea, but can also result in severe illness and mortality. Every year,
250,000–500,000 people die from influenza globally [1–3].
Influenza is caused by an infection with an influenza virus. Four types of influenza have been
described, namely, influenza A, B, C, and D; however, only influenza A, B, and C can infect humans,
with influenza A (IAV) and B viruses being the most virulent. The virus life cycle of IAV begins with
the attachment of the virus to the target cell through interaction of the viral hemagglutinin (HA) to
sialic acids of the host cell [4,5]. This binding mediates internalization of IAV through a clathrin- or
caveolae-dependent pathway and internalization of the virus into an endosome [6]. Then, to pursue
its life cycle, the virus genome needs to be released from the endosome [6]. This step requires the
fusion of the viral and endosomal membranes and is mediated by cleaved HA whichis activated by the
acid environment of the endosome. Subsequently, the viral ribonucleoproteins (vRNPs) are released
into the cytoplasm and reach the nucleus through a process involving the importins pathways [7].
In the nucleus, replication proceeds, in which transcription and replication occur. Viral proteins are
synthesized in the cytoplasm and can either reach the plasma membrane or enter the nucleus to form
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new progeny of vRNPs [8]. An active process then allows the export of the vRNPs into the cytoplasm,
where they can interact with the cell cytoskeleton and travel to the apical surface of the cell [9].
The nascent viruses then bud from the plasma membrane and are released from the infected cell.
Accordingly, the virion is composed of an envelope that comes from the host cell, in which are
enchased both viral and cellular proteins [10–13]. Annexins are the most enriched cellular proteins
of the virions; among them, annexin A1 (ANXA1) contributes to the virulence of influenza [12].
During viral entry to the host cell, not only HA binds to sialic acids but also ANXA1 binds to the
formyl peptide receptor 2, leading to extracellular signal-regulated kinase (ERK) activation and an
increase in viral replication [12,14]. However, how FPR2 promotes virus replication through ERK
activation is unknown.
ERK activation is an important pathway during viral replication. It acts at two important stages of
the virus life cycle. First, early activation of ERK facilitates the release of the genome from the endosome
to the cytoplasm by promoting the vacuolar H+-ATPase (V-ATPase) activity and acidification of the
endosome [15]. At later stages, it also allows the export of the vRNPs complexes from the nucleus to
the cytoplasm [16]. In this manuscript, we investigated which of these two pathways is blocked by
FPR2-mediated ERK activation during IAV infection. Our results showed that, during IAV infection,
ANXA1/FPR2 permits the release of vRNPs from the endosome to the cytoplasm, thereby promoting
IAV replication. This report also suggests that targeting FPR2 with monoclonal antibodies hold a great
promise for treatment of influenza in the future.
2. Results
2.1. Treatment of A549 Cells with WRW4 Blocks IAVTrafficking
To evaluate at which stage FPR2signaling modulates the IAV life cycle, we tested the effect of
A549 cell treatment with the FPR2 antagonist WRW4 in the localization of the vRNPs complexes.
This antagonist was chosen on the basis of its specificity towards FPR2 and not the other related
FPRs [17].The viral nucleoprotein (NP) is a structural protein which encapsidates the virus genome [18],
in which, following its expression, it is also the reflection of vRNPs trafficking. Thus, A549 cells
were pre-treated with WRW4 (10 µM) or vehicle and infected with IAV A/Udorn/72 (H3N2) at a
multiplicity of infection (MOI) of 10. As a control, cells were also treated with the ERK pathway
inhibitor U0126. Four hours post infection, immunofluorescence staining was performed to assess the
localization of the viral NP, using a specific anti-NP antibody. The nucleus and actin were also stained
with DAPI and phalloidin, respectively. Results showed that, in untreated infected cells (vehicle),
NP was largely distributed into the cytoplasm (Figure 1). However, upon cell treatment with the
FPR2 antagonist, NP mainly accumulated into punctuated endosome-like vesicles. As previously
described by Pleschka et al. [16], in the presence of U0126, NP was exclusively observed in the nucleus.
This effect was independent on the virus strain as similar results were also observed upon infection
with the A/PR/8/34 (H1N1) strain (Figure 2). In addition, no NP staining was observed in uninfected
cells, showing the specificity of the NP detection (Figure 3). To confirm that endosome-like structures
were indeed endosomes, immunofluorescence staining was performed using the endosomal tracker
Rab5. A549 cells were infected with A/Udorn/72 (Figure 4) or A/PR/8/34 virus (Figure 5, MOI 10) in
the presence of vehicle or WRW4 (10 µM). Four hours postinfection, localization of the viral NP protein
was assessed by immunofluorescence microscopy, using an anti-NP antibody or an anti-Rab5 antibody;
the merged images are also shown. Results showed that the staining of the NP protein colocalized
with the one of the endosomal markers, Rab5. Altogether, these results indicate that blocking FPR2 led
to an accumulation of NP in the endosomes and suggests that FPR2signaling interferes with the export
of the vRNP complexes from the endosomes to the cytoplasm.
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Figure 1. Localization of the NucleoProtein NP upon cell treatment with WRW4 and H3N2 infection 
A549 cells were infected with A/Udorn/72 virus (MOI 10) in the presence of vehicle, WRW4 (10 µM) 
or U0126 (50 µM). Four hours post infection, localization of the viral NP protein was assessed by 
immunofluorescence microscopy, using an anti-NP antibody. The actin cytoskeleton and nuclei were 
stained with phalloidin and DAPI, respectively. The merged images are shown. Scale bar, 20 µM. 
 
Figure 2. Localization of NP protein upon cell treatment with WRW4 and H1N1 infection A549 cells 
were infected with IAV A/PR/8/34 virus (MOI 10) in the presence of vehicle, WRW4 (10 µM) or U0126 
(50 µM). Localization of the viral NP protein was assessed by immunofluorescence microscopy, using 
an anti-NP antibody, four hours post infection. The actin cytoskeleton (phalloidin) and nuclei (DAPI) 
were stained as well. The merged images are shown. Scale bar, 20 µM. 
Figure 1. Localization of the NucleoProtein NP upon cell treatment with WRW4 and H3N2 infection
A549 cells were infected with A/Udorn/72 virus (MOI 10) in the presence of vehicle, WRW4 (10 µM)
or U0126 (50 µ ). Four hours post infection, localization of the viral NP protein was assessed by
i unofluorescence icroscopy, using an anti- P antibody. The actin cytoskeleton and nuclei ere
stained ith phalloidin and PI, respectively. The erged i ages are sho n. Scale bar, 20 µ .
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Figure 2. Localization of NP protein upon cell treatment with WRW4 and H1N1 infection A549 cells
were infected with IAV A/PR/8/34 virus (MOI 10) in the presence of vehicle, WRW4 (10 µM) or U0126
(50 µM). Localization of the viral NP protein was assessed by immunofluorescence microscopy, using
an anti-NP antibody, four hours post infection. The actin cytoskeleton (phalloidin) and nuclei (DAPI)
were stained as well. The merged images are shown. Scale bar, 20 µM.
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Figure 3. Specificity of the NP staining A549 cells were left uninfected and treated with either vehicle, 
WRW4 (10 µM) or U0126 (50 µM). Immunofluorescence microscopy was performed using an anti-NP 
antibody. The actin cytoskeleton (phalloidin) and nuclei (DAPI) were stained as well. The merged 
images are shown. Scale bar, 20 µM. 
 
Figure 4. Colocalization of the NP protein with the Rab5 endosomal marker A549 cells were infected 
with IAV A/Udorn/72 virus (MOI 10) in the presence of vehicle or WRW4 (10 µM). Four hours post 
infection, localization of the viral NP protein was assessed by immunofluorescence microscopy, using 
an anti-NP antibody. The early endosome was stained using Rab5 antibody. Note that the Rab5 
staining showed some background that was removed using ImageJ. The merged images are shown. 
Scale bar, 20 µM. 
Figure 3. Specificity of the NP staining A549 cells were left uninfected and treated with either vehicle,
WRW4 (10 µM) or U0126 (50 µM). Immunofluorescence microscopy was performed using an anti-NP
antibody. The actin cytoskeleton (phalloidin) and nuclei (DAPI) were stained as well. The merged
images are shown. Scale bar, 20 µM.
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Figure 4. Colocalization of the NP protein with the Rab5 endosomal marker A549 cells were infected
with IAV A/Udorn/72 virus (MOI 10) in the presence of vehicle or WRW4 (10 µM). Four hours
post infection, localization of the viral NP protein was assessed by immunofluorescence microscopy,
using an anti-NP antibody. The early endosome was stained using Rab5 antibody. Note that the Rab5
staining showed some background that was removed using ImageJ. The merged images are shown.
Scale bar, 20 µM.
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Figure 5. Colocalization of the NP protein with the Rab5 endosomal marker A549 cells were infected 
with IAV A/PR/8/34 virus (MOI 10) in the presence of vehicle, or WRW4 (10 µM). Four hours post 
infection, localization of the viral NP protein was assessed by immunofluorescence microscopy, using 
an anti-NP antibody. The early endosome was stained using Rab5 antibody. Note that the Rab5 
staining showed some background that was removed using ImageJ. The merged images are shown. 
Scale bar, 20 µM. 
2.2. Treatment of A549 Cells with an Anti-FPR2 Antibody Blocks Virus Replication 
The potential offered by therapeutic-based antibodies has recently emerged [19]. Thus, we 
investigated the antiviral properties of the neutralizing anti-FPR2 mAb, FN-1D6-AI [20,21]. First, the 
cytotoxic effects of A549 cell treatment with 10 or 20 µM of the anti-FPR2 mAb was evaluated. Results 
showed no effect on cell cytotoxicity, by trypan blue staining (Figure 6A, 24 h post treatment). Then, 
A549 cells were pretreated with 10 µM of the anti-FPR2 mAb and infected with IAV A/PR/8/34 virus 
(MOI 1). 24 h post infection, infectious virus particles were evaluated in the supernatant by classical 
plaque assays. As shown in Figure 6B, A549 cells that were pretreated with the anti-FPR2 mAb 
released significantly fewer infectious viruses, compared with vehicle-treated infected cells. The 
effect of the specific anti-FPR2 antagonist, WRW4 (5 µM) was used as control. As expected, cell 
treatment with WRW4 significantly inhibited virus replication. Thus, these results showed that 
blocking FPR2 with the mAb, FN-1D6-AI significantly reduced viral replication in A549 cells. 
 
Figure 6. Cell viability and antiviral activity of the anti-FPR2 mAb (A) A549 cells were incubated with 
10 or 20 µg/mL of the anti-FPR2 mAb for 24 h, and percentage of cell viability was assessed by trypan 
blue staining; (B) A549 cells were preincubated with 20 µg/mL of anti-FPR2 mAb or 5 µM of the FPR2 
antagonist WRW4 and then infected with IAV A/PR/8/34 virus (MOI 1). 24 h after infection, infectious 
virus titers were determined by plaque assay. The Manne Whitney test was used for statistical 
analysis and results were considered statistically significant at p < 0.05 (*). 
Figure 5. Colocalization of the NP protein with the Rab5 endosomal marker A549 cells were infected with
IAV A/PR/8/34 virus (MOI 10) in the presence of vehicle, or WRW4 (10 µM). Four hours post infection,
localization of the viral NP protein was assessed by immunofluorescence microscopy, using an anti-NP
antibody. The early endosome was stained using Rab5 antibody. Note that the Rab5 staining showed
some background that was removed using ImageJ. The merged images are shown. Scale bar, 20 µM.
2.2. Treatment of A549 Cells with an Anti-FPR2 Antibody Blocks Virus Replication
The potential offered by therapeutic-based antibodies has recently emerged [19]. Thus, we investigated
the antiviral properties of the neutralizing anti-FPR2 mAb, FN-1D6-AI [20,21]. First, the cytotoxic effects of
A549 cell treatment with 10 or 20 µM of the anti-FPR2 mAb was evaluated. Results showed no effect on cell
cytotoxicity, by trypan blue staining (Figure 6A, 24 h post treatment). Then, A549 cells were pretreated with
10 µM of the anti-FPR2 mAb and infected with IAV A/PR/8/34 virus (MOI 1). 24 h post infection, infectious
virus particles were evaluated in the supernatant by classical plaque assays. As shown in Figure 6B, A549
cells that were pretreated with the anti-FPR2 mAb released significantly fewer infectious viruses, compared
with vehicle-treated infected cells. The effect of the specific anti-FPR2 antagonist, WRW4 (5 µM) was used as
control. As expected, cell treatment with WRW4 significantly inhibited virus replication. Thus, these results
showed that blocking FPR2 with the mAb, FN-1D6-AI significantly reduced viral replication in A549 cells.
Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  5 of 11 
 
 
Figure 5. Colocalization of the NP protein with the Rab5 endosomal marker A549 cells were infected 
with IAV A/PR/8/34 virus (MOI 10) in the presence of vehicle, or WRW4 (10 µM). Four hours post 
infection, localization of the viral NP protein was assessed by i munofluorescence microscopy, using 
an anti-NP antibody. The early endosome was stained using Rab5 antibody. Note that the Rab5 
staining showed some background that was removed using ImageJ. The merged images are shown. 
Scale bar, 20 µM. 
2.2. Treatment of A549 Cells with an Anti-FPR2 Antibody Blocks Virus Replication 
The potential offered by therapeutic-based antibodie  has recently emerged [19]. Thus, we 
investigated the antiviral properties of the neutralizing anti-FPR2 mAb, FN-1D6-AI [20,21]. First, the 
cytotoxic effects of A549 cell treatment with 10 or 20 µM of the anti-FPR2 mAb was evaluated. Results 
showed no effect on cell cytotoxicity, by trypan blue staining (Figure 6A, 24 h post treatment). Then, 
A549 cells were pretreated with 10 µM of the anti-FPR2 mAb and infected with IAV A/PR/8/34 virus 
(MOI 1). 24 h post infection, infectious virus particles were evaluated in the supernatant by classical 
plaque assays. As shown in Figure 6B, A549 cells that were pretreated with the anti-FPR2 mAb 
released significantly fe er infectious viruses, compared with vehicle-treated infected cells. The 
effect of the specific anti-FPR2 antagonist, WRW4 (5 µM) was used as control. As expected, cell 
treatment with WRW4 significantly inhibited virus replication. Thus, these results showed that 
bl cking FPR2 with the mAb, FN-1D6-AI significantly reduced viral replication in A549 cells. 
 
Figure 6. Cell viability and antiviral activity of the anti-FPR2 mAb (A) A549 cells were incubated with 
10 or 20 µg/mL of the anti-FPR2 mAb for 24 h, and percentage of cell viability was assessed by trypan 
blue staining; (B) A549 cells were preincubated with 20 µg/mL of anti-FPR2 mAb or 5 µM of the FPR2 
antagonist WRW4 and then infected with IAV A/PR/8/34 virus (MOI 1). 24 h after infection, infectious 
virus titers were determined by plaque assay. The Manne Whitney test was used for statistical 
analysis and results were considered statistically significant at p < 0.05 (*). 
Figure 6. Cell viability and antiviral activity of the anti-FPR2 Ab (A) A549 cells were incubated with
10 or 20 µg/ L of the anti-FPR2 Ab for 24 h, and percentage of cell viability as assessed by trypan
blue staining; (B) 549 cells ere preincubated ith 20 µg/ L of anti-FPR2 b or 5 µ of the FPR2
antagonist 4 and then infected with IAV A/PR/8/34 virus ( I 1). 24 h after infection, infectious
virus titers were determined by plaque assay. The Manne Whitney test was used for statistical analysis
a d results were considered statistically significant at p < 0.05 (*).
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2.3. Treatment of A549 Cells with the Anti-FPR2 mAb, FN-1D6-AI Affects Virus Trafficking
To confirm the results obtained with the FPR2 antagonist WRW4, and to investigate whether cell
treatment with the anti-FPR2, FN-1D6-AI would also affect virus trafficking in the endosome, A549 cells
were pretreated with 20 µg/mL of the anti-FPR2 mAb and then infected with IAV A/Udorn/72 (H3N2,
MOI 10). Four hours post infection, immunofluorescence staining of the viral NP was assessed. Results
showed that, in contrast to untreated cells, where NP was broadly expressed in the cytoplasm, upon cell
treatment with the anti-FPR2 mAb, NP was specifically observed in punctuated endosomes (Figure 7A).
Cell treatment with an IgG control antibody had no effect on NP localization, showing the specificity
of the anti-FPR2 antibody (Figure 7B). Staining of the nucleus (DAPI) and actin (Phalloidin) were also
included as controls. Similar results were observed, although at a lesser extent, upon IAV infection
with A/PR/8/34 virus (Figure 8A,B). Notably, although comparable virus release was found by
plaque assay between WRW4 and anti-FPR2 pre-treatment followed by IAV infection, the punctuated
endosome vesicles in cells treated with the antibody were not as clear as in cells treated with WRW4.
This discrepancy was most likely related to technical issues and possible loss of efficacy of the antibody.
Indeed, the viral plaque assay was performed using an unfrozen antibody, while a frozen antibody was
used for immunofluorescence staining. However, because a difference was still observed, these results
showed that blocking FPR2 with the mAb FN-1D6-AI affects virus trafficking in endosomes and
subsequent virus replication.
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Figure 7. Localization of the NP protein upon cell treatment with an anti-FPR2 mAb A549 cells were
infected with A/Udorn/72 (MOI 10) in the presence of (A) vehicle or the mAb anti-FPR2 (FN-1D6-AI,
20 µg/mL) or (B) vehicle or a monoclonal IgG control antibody (20 µg/mL). Four hours post infection,
localization of the viral NP protein was assessed by immunofluorescence microscopy, using an anti-NP
antibody. The actin cytoskeleton and nuclei were stained with phalloidin and DAPI, respectively.
The merged images are shown. Scale bar, 20 µM.
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annexinA1-expressing cells [23]. During IAV infection, FPR2 was activated by AnnexinA1 that was 
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Figure 8. Localization of the NP protein upon cell treatment with an anti-FPR2 mAb A549 cells were
infected with IAV A/PR/8/34 virus (MOI 10) in the presence of (A) vehicle or the mAb anti-FPR2
(FN1D6-AI, 20 µg/mL) or (B) vehicle or a monoclonal IgG control antibody (20 µg/mL). Four hours
post infection, localization of the viral NP protein was assessed by immunofluorescence microscopy,
using an anti-NP antibody. The actin cytoskeleton and nuclei were stained with phalloidin and DAPI,
respectively. The merged images are shown. Scale bar, 20 µM.
3. Discussion
The present report supports an important role for FPR2 in the virus life cycle of IAV. Indeed,
blocking FPR2signaling by cell treatment with a specific antagonist or a neutralizing antibody led to
the accumulation of the viral NP proteins in the endosomes. Because NP is a structural protein that
encapsidates the virus genome [18], it is reasonable to suggest that its localization is the reflection
of vRNPs trafficking. Interestingly, our recent reports showed that FPR2 was exploited by IAV to
increase its own replication through ERK activation [22]. ERK is a major pathway which promotes the
V-ATPases-dependent acidification of the endosome, required for the fusion of the viral envelope with
the endosomal membrane and subsequent release of the vRNPs into the cytoplasm. Taken together,
our results suggest that FPR2signaling through ERK interferes in the early steps of the virus life cycle
and enhances vRNPs release from the endosomes to the cytoplasm.
Interestingly, Arora et al. showed that, in A549 cells knock-down for annexinA1, the virus
genome was preferentially present in the endosome and did not reach the nucleus as efficiently as in
annexinA1-expressing cells [23]. During IAV infection, FPR2 was activated by AnnexinA1 that was
incorporated into IAV particles [12]. Whether cellular annexinA1 can also activate FPR2 is not known;
however, taken together, these results suggest that the effect observed by Arora and colleagues occured
through FPR2 activation.
Annexins are proteins with multiple functions that bind negatively charged phospholipids in
a calcium-dependent manner [24,25]. Annexins play important roles in many physiological and
pathological contexts [26]. With regard to the modulation of IAV replication, not only annexinA1 but
many other Annexins were involved as well. Annexin A2 permits the cleavage of plasminogen into
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plasmin-promoting HA cleavage and replication of low pathogenic viruses [10,27]. It also binds
to the nonstructural 1 protein, increasing replication of highly pathogenic IAV [28]. Regarding
AnnexinA5, it promotes IAV entry to the cell and blocks immune response to influenza, promoting
virus replication [11,29]. In contrast to the proviral effects of annexinA1, A2, and A5, annexinA6
inhibits IAV replication, particularly by interfering with cholesterol homeostasis of late endosomes
and virus budding [30,31]. Annexins do not only interfere with IAV replication but also with many
other pathogens, as shown and reviewed recently [32–34]. Thus, a better understanding of the role of
annexins in infectious diseases will help in the understanding of pathogens infections and subsequent
development of novel therapeutics.
With regard to our results, they may be of relevance for developing future treatments against
influenza, which still remains an important threat for public health. Unfortunately, the currently
available drugs target viral proteins that have a high mutation rate [35]. Thus, the selection pressure in
the presence of these drugs encourages the emergence of viral resistance; accordingly, the development
of novel therapeutics against influenza is urgently needed [36]. Influenza is a parasite which requires
cellular proteins to replicate. Thus, one promising strategy to limit the emergence of resistant viruses
is to target a cellular factor required for efficient virus replication. For example, NF-kB or ERK are
among the most critical factors promoting IAV replication [22,37–39]. Targeting such factors is very
effective in experimental mouse models of IAV infection and also has shown successful improvement
in the severity of the disease in infected patients in phase II clinical trials [40,41]. Interestingly, a FPR2
blockade also inhibitd ERK activation and was also very efficient in protecting against influenza
in preclinical models of IAV infections [12,14]. It was demonstrated that not only did the use of
FPR2 antagonists protect from IAV replication in the lungs but also inhibited harmful pulmonary
inflammation during severe influenza [22]. Thus, the use of FPR2 antagonist is worth considering
in future treatment of the disease. In addition, as has been shown here, the mechanism of action
of FPR2 occurs through inhibition of the release of the vRNPs from the endosome. Because the
current antiviral drugs against influenza, such as oseltamivir, act at a different level of the virus life
cycle, i.e., through inhibition of the viral neuraminidase and virus release, this creates a path to the
development of multi-drugs administration to treat the flu. Indeed, the combination of anti-FPR2 with
oseltamivir has additive effects in the inhibition of virus replication [14]. In our study, we also found
that a neutralizing anti-FPR2 mAb significantly inhibited virus replication in vitro. Antibodies-based
therapeutics are emergentas attractive reagents in infectious diseases and beyond. In particular,
monoclonal antibodies are considered to be more specific and potent compared with pharmacological
reagents [19,42]. Accordingly, they are usually associated with fewer side effects in patients, compared
with more conventional pharmacological tools. In addition, thanks to their large size, monoclonal
antibodies have a longer half-life and slower clearance, compared withsmall molecules; thus, they can
be highly advantageous in terms of pharmacokinetics. Thus, the proof of concept that cell treatment
with a monoclonal antibody directed against FPR2 efficiently inhibits virus replication opens the door
to novel anti-FPR2 immunotherapy against influenza.
4. Materials and Methods
4.1. Reagents Cells and Viruses
The following reagents were used in this study: antiviral M2 protein (Santa Cruz, Heidelberg,
Germany), Alexa Fluor secondary antibodies (Life Technologies, Villebon-sur-Yvette, France),
DAPI (4′,6′-diamidino-2-phenylindole, Sigma-Aldrich, Darmstadt, Germany), phalloidin (Invitrogen,
Villebon-sur-Yvette, France), purple crystal staining (Sigma, Darmstadt, Germany), FPR2 antagonists
WRW4 (Alomone Labs, Jerusalem, Israel), monoclonal anti-FPR2 antibody (clone FN-1D6-AI, Genova,
Italy), monoclonal anti-Nucleoprotein (NP, HB-65, invivomab), conjugated Alexa Fluor 488 anti-Rab5
antibody (Santa Cruz, Heidelberg, Germany), IgG control antibody (ThermoFisher, Villebon-sur-Yvette,
France), ERK inhibitor pathway U0126 (Sigma-Aldrich, Darmstadt, Germany). The human alveolar
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A549 and Madin-Darby canine kidney (MDCK) were a gift from G.F. Rimmelzwaan (Erasmus University,
Rotterdam, The Netherlands) and were cultured as previously described [11]. IAV A/PR/8/34 (H1N1)
was a gift from G.F. Rimmelzwaan (Erasmus University, Rotterdam, The Netherlands) and A/Udorn/72
(H3N2) was a gift from N. Naffakh (Pasteur Institute, Paris, France).
4.2. Infection Experiments and Cell Viability
A549 cells were preincubated with the FPR2 antagonist WRW4 or anti-FPR2 mAb (namely
inhibitor) for 20 min before being infected with IAV A/PR/8/34 virus (MOI 1). After one hour
adsorbtion, virus was removed and medium, which contained the inhibitor, was added. 24 h post
infection, infectious virus titers were assessed in the supernatant by plaque assays. Cell viability in the
presence of mAb anti-FPR2 was assessed by trypan blue staining, 24 h post treatment.
4.3. Titration Experiment
MDCK cells were seeded in a p6 culture plate (1.106 cells per well) in DMEM 10% Foetal calf
serum (FCS). The next day, serial dilution to the tenth of the samples was performed (diluted samples).
After washing the cells twice with phosphate buffer saline (PBS), diluted samples were added for
infection. After one hour adsorbtion at 37 ◦C for one hour, the supernatant was removed and MEM
medium 2% agarose supplemented with1µg/mL of trypsin was added. After 72 h, agarose was
removed and living cells were coloured with purple crystal for 5 min to detect plaque lysis. Cells were
then washed extensively and infectious viruses were evaluated in each sample, with each plaque
corresponding to one infectious virus.
4.4. Fluorescence Microscopy Experiments
A549 cells were seeded and cultured on glass coverslips in a multiwell plate. The next day,
cells were preincubated with the specific FPR2 antagonist WRW4 (10 µM) or the anti-FPR2 antibody
(20 µg/mL) for 20 min before IAV infection at a MOI of 10. After four hours post infection, cells
were fixed with a 4% paraformaldehyde and permeabilized with 0.2% triton. Cells were then washed
with PBS and incubated with primary antibodies to viral anti-NP, for 1 h at 37 ◦C. NP detection was
performed using Alexa Fluor 594 secondary antibodies for 1 h at 37 ◦C. Endosomes were stained with
a conjugated-Alexa Fluor 488 Rab5 antibody. Cells were counterstained with DAPI for 15 min and an
Alexa Fluor 488 alpha-Phalloidin was added for 30min. Cells were washed with PBS and incubated
with fluoromount medium. Images were taken by Zeiss IMAGER.M1. (Carl ZEISS, Oberkochen,
Germany) and finally analysed using AxioVision Rel. 4.6 software.
5. Statistical Analysis
Virus titers statistical analyses were performed using GraphPad Prism software (version 5.0,
GraphPad, La Jolla, CA, USA). The ManneWhitney test was used for statistical analysis and results
were considered statistically significant at p < 0.05 (*).
Author Contributions: F.R., M.C., N.C., A.F.F. designed, performed the experiments, and analysed the data.
M.-C.A. and B.R. designed and analysed the data. B.R. wrote the manuscript.
Acknowledgments: Grants that supported this research included the following: AgenceNationale de la Recherche
(ANR HemoFlu to BR), Fondation de France (to BR), Association Vaincre la Mucoviscidose and Gregory
LeMarchal (to BR), SATT Sud-Est (to BR) and the Fonds de Recherche en Santé Respiratoire et de la Fondation du
Souffle–Formation pour la Recherche 2017 (to MC and BR).
Conflicts of Interest: The authors declare no conflict of interest. A patent has been filled on the role of FPR2
antagonists against influenza viruses by MCA and BR.
Int. J. Mol. Sci. 2018, 19, 1400 10 of 11
References
1. Kuiken, T.; Riteau, B.; Fouchier, R.A.; Rimmelzwaan, G.F. Pathogenesis of influenza virus infections:
The good, the bad and the ugly. Curr. Opin. Virol. 2012, 2, 276–286. [CrossRef] [PubMed]
2. Lipatov, A.S.; Govorkova, E.A.; Webby, R.J.; Ozaki, H.; Peiris, M.; Guan, Y.; Poon, L.; Webster, R.G. Influenza:
Emergence and control. J. Virol. 2004, 78, 8951–8959. [CrossRef] [PubMed]
3. Berri, F.; Le, V.B.; Jandrot-Perrus, M.; Lina, B.; Riteau, B. Switch from protective to adverse inflammation
during influenza: Viral determinants and hemostasis are caught as culprits. Cell. Mol. Life Sci. CMLS 2014,
71, 885–898. [CrossRef] [PubMed]
4. Xiong, X.; McCauley, J.W.; Steinhauer, D.A. Receptor binding properties of the influenza virus hemagglutinin
as a determinant of host range. Curr. Top. Microb. Immunol. 2014, 385, 63–91.
5. Wilks, S.; de Graaf, M.; Smith, D.J.; Burke, D.F. A review of influenza haemagglutinin receptor binding as it
relates to pandemic properties. Vaccine 2012, 30, 4369–4376. [CrossRef] [PubMed]
6. Sun, X.; Whittaker, G.R. Entry of influenza virus. Adv. Exp. Med. Biol. 2013, 790, 72–82. [PubMed]
7. Hutchinson, E.C.; Fodor, E. Transport of the influenza virus genome from nucleus to nucleus. Viruses 2013, 5,
2424–2446. [CrossRef] [PubMed]
8. Samji, T. Influenza A: Understanding the viral life cycle. Yale J. Biol. Med. 2009, 82, 153–159. [PubMed]
9. Nayak, D.P.; Balogun, R.A.; Yamada, H.; Zhou, Z.H.; Barman, S. Influenza virus morphogenesis and budding.
Virus Res. 2009, 143, 147–161. [CrossRef] [PubMed]
10. LeBouder, F.; Morello, E.; Rimmelzwaan, G.F.; Bosse, F.; Pechoux, C.; Delmas, B.; Riteau, B. Annexin
II incorporated into influenza virus particles supports virus replication by converting plasminogen into
plasmin. J. Virol. 2008, 82, 6820–6828. [CrossRef] [PubMed]
11. Berri, F.; Haffar, G.; Le, V.B.; Sadewasser, A.; Paki, K.; Lina, B.; Wolff, T.; Riteau, B. Annexin V incorporated
into influenza virus particles inhibits gamma interferon signaling and promotes viral replication. J. Virol.
2014, 88, 11215–11228. [CrossRef] [PubMed]
12. Tcherniuk, S.; Cenac, N.; Comte, M.; Frouard, J.; Errazuriz-Cerda, E.; Galabov, A.; Morange, P.E.; Vergnolle, N.;
Si-Tahar, M.; Alessi, M.C.; et al. Formyl Peptide Receptor 2 Plays a Deleterious Role During Influenza A
Virus Infections. J. Infect. Dis. 2016, 214, 237–247. [CrossRef] [PubMed]
13. Shaw, M.L.; Stone, K.L.; Colangelo, C.M.; Gulcicek, E.E.; Palese, P. Cellular proteins in influenza virus
particles. PLoS Pathog. 2008, 4, e1000085. [CrossRef] [PubMed]
14. Courtin, N.; Fotso, A.F.; Fautrad, P.; Mas, F.; Alessi, M.C.; Riteau, B. Antiviral activity of formyl peptide
receptor 2 antagonists against influenza viruses. Antivir. Res. 2017, 143, 252–261. [CrossRef] [PubMed]
15. Marjuki, H.; Gornitzky, A.; Marathe, B.M.; Ilyushina, N.A.; Aldridge, J.R.; Desai, G.; Webby, R.J.; Webster, R.G.
Influenza A virus-induced early activation of ERK and PI3K mediates V-ATPase-dependent intracellular pH
change required for fusion. Cell. Microbiol. 2011, 13, 587–601. [CrossRef] [PubMed]
16. Pleschka, S.; Wolff, T.; Ehrhardt, C.; Hobom, G.; Planz, O.; Rapp, U.R.; Ludwig, S. Influenza virus propagation
is impaired by inhibition of the Raf/MEK/ERK signalling cascade. Nat. Cell Boil. 2001, 3, 301–305. [CrossRef]
[PubMed]
17. Bae, Y.S.; Lee, H.Y.; Jo, E.J.; Kim, J.I.; Kang, H.K.; Ye, R.D.; Kwak, J.Y.; Ryu, S.H. Identification of peptides that
antagonize formyl peptide receptor-like 1-mediated signaling. J. Immunol. 2004, 173, 607–614. [CrossRef]
[PubMed]
18. Portela, A.; Digard, P. The influenza virus nucleoprotein: A multifunctional RNA-binding protein pivotal to
virus replication. J. Gen. Virol. 2002, 83 Pt 4, 723–734. [CrossRef] [PubMed]
19. Casadevall, A. Antibody-based therapies for emerging infectious diseases. Emerg. Infect. Dis. 1996, 2, 200–208.
[CrossRef] [PubMed]
20. Norling, L.V.; Dalli, J.; Flower, R.J.; Serhan, C.N.; Perretti, M. Resolvin D1 limits polymorphonuclear leukocyte
recruitment to inflammatory loci: Receptor-dependent actions. Arterioscler. Thromb. Vasc. Biol. 2012, 32,
1970–1978. [CrossRef] [PubMed]
21. De Santo, C.; Arscott, R.; Booth, S.; Karydis, I.; Jones, M.; Asher, R.; Salio, M.; Middleton, M.; Cerundolo, V.
Invariant NKT cells modulate the suppressive activity of IL-10-secreting neutrophils differentiated with
serum amyloid A. Nat. Immunol. 2010, 11, 1039–1046. [CrossRef] [PubMed]
22. Alessi, M.C.; Cenac, N.; Si-Tahar, M.; Riteau, B. FPR2: A Novel Promising Target for the Treatment of
Influenza. Front. Microb. 2017, 8, 1719. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2018, 19, 1400 11 of 11
23. Arora, S.; Lim, W.; Bist, P.; Perumalsamy, R.; Lukman, H.M.; Li, F.; Welker, L.B.; Yan, B.; Sethi, G.;
Tambyah, P.A.; et al. Influenza A virus enhances its propagation through the modulation of Annexin-A1
dependent endosomal trafficking and apoptosis. Cell Death Differ. 2016, 23, 1243–1256. [CrossRef] [PubMed]
24. Rescher, U.; Gerke, V. Annexins—Unique membrane binding proteins with diverse functions. J. Cell Sci.
2004, 117 Pt 13, 2631–2639. [CrossRef] [PubMed]
25. Hoque, M.; Rentero, C.; Cairns, R.; Tebar, F.; Enrich, C.; Grewal, T. Annexins-scaffolds modulating PKC
localization and signaling. Cell. Signal. 2014, 26, 1213–1225. [CrossRef] [PubMed]
26. Rescher, U.; Grewal, T. Highlight: Annexins in health and disease. Biol. Chem. 2016, 397, 947–948. [CrossRef]
[PubMed]
27. LeBouder, F.; Lina, B.; Rimmelzwaan, G.F.; Riteau, B. Plasminogen promotes influenza A virus replication
through an annexin 2-dependent pathway in the absence of neuraminidase. J. Gen. Virol. 2010, 91 Pt 11,
2753–2761. [CrossRef] [PubMed]
28. Ma, Y.; Sun, J.; Gu, L.; Bao, H.; Zhao, Y.; Shi, L.; Yao, W.; Tian, G.; Wang, X.; Chen, H. Annexin A2 (ANXA2)
interacts with nonstructural protein 1 and promotes the replication of highly pathogenic H5N1 avian
influenza virus. BMC Microbiol. 2017, 17, 191. [CrossRef] [PubMed]
29. Huang, R.T.; Lichtenberg, B.; Rick, O. Involvement of annexin V in the entry of influenza viruses and role of
phospholipids in infection. FEBS Lett. 1996, 392, 59–62. [CrossRef]
30. Musiol, A.; Gran, S.; Ehrhardt, C.; Ludwig, S.; Grewal, T.; Gerke, V.; Rescher, U. Annexin A6-balanced late
endosomal cholesterol controls influenza A replication and propagation. MBio 2013, 4, e00608-13. [CrossRef]
[PubMed]
31. Ma, H.; Kien, F.; Maniere, M.; Zhang, Y.; Lagarde, N.; Tse, K.S.; Poon, L.L.; Nal, B. Human annexin A6
interacts with influenza a virus protein M2 and negatively modulates infection. J. Virol. 2012, 86, 1789–1801.
[CrossRef] [PubMed]
32. Kuehnl, A.; Musiol, A.; Raabe, C.A.; Rescher, U. Emerging functions as host cell factors—An encyclopedia of
annexin-pathogen interactions. Biol. Chem. 2016, 397, 949–959. [CrossRef] [PubMed]
33. Backes, P.; Quinkert, D.; Reiss, S.; Binder, M.; Zayas, M.; Rescher, U.; Gerke, V.; Bartenschlager, R.; Lohmann, V.
Role of annexin A2 in the production of infectious hepatitis C virus particles. J. Virol. 2010, 84, 5775–5789.
[CrossRef] [PubMed]
34. Derry, M.C.; Sutherland, M.R.; Restall, C.M.; Waisman, D.M.; Pryzdial, E.L. Annexin 2-mediated enhancement
of cytomegalovirus infection opposes inhibition by annexin 1 or annexin 5. J. Gen. Virol. 2007, 88 Pt 1, 19–27.
[CrossRef] [PubMed]
35. Nobusawa, E.; Sato, K. Comparison of the mutation rates of human influenza A and B viruses. J. Virol. 2006,
80, 3675–3678. [CrossRef] [PubMed]
36. Poland, G.A.; Jacobson, R.M.; Ovsyannikova, I.G. Influenza virus resistance to antiviral agents: A plea for
rational use. Clin. Infect. Dis. 2009, 48, 1254–1256. [CrossRef] [PubMed]
37. Ludwig, S. Disruption of virus-host cell interactions and cell signaling pathways as an anti-viral approach
against influenza virus infections. Biol. Chem. 2011, 392, 837–847. [CrossRef] [PubMed]
38. Planz, O. Development of cellular signaling pathway inhibitors as new antivirals against influenza.
Antivir. Res. 2013, 98, 457–468. [CrossRef] [PubMed]
39. Ludwig, S. Targeting cell signalling pathways to fight the flu: Towards a paradigm change in anti-influenza
therapy. J. Antimicrob. Chemother. 2009, 64, 1–4. [CrossRef] [PubMed]
40. Scheuch, G.; Canisius, S.; Nocker, K.; Hofmann, T.; Naumann, R.; Pleschka, S.; Ludwig, S.; Welte, T.; Planz, O.
Targeting intracellular signaling as an antiviral strategy: Aerosolized LASAG for the treatment of influenza
in hospitalized patients. Emerg. Microbes Infect. 2018, 7, 21. [CrossRef] [PubMed]
41. Haasbach, E.; Muller, C.; Ehrhardt, C.; Schreiber, A.; Pleschka, S.; Ludwig, S.; Planz, O. The MEK-inhibitor
CI-1040 displays a broad anti-influenza virus activity in vitro and provides a prolonged treatment window
compared to standard of care in vivo. Antivir. Res. 2017, 142, 178–184. [CrossRef] [PubMed]
42. Carter, P.J. Potent antibody therapeutics by design. Nat. Rev. Immunol. 2006, 6, 343–357. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
